The paper presents the possibilities of radar interferometry in dynamic deformation monitoring of bridge structures. The technology is increasingly used for this purpose thanks to high accuracy of realized measurements and possibility to measure deformation at multiple places of the monitored structure. High frequency of realized measurements (up to 200 Hz) enables to determine the most of significant vibration modes of bridge deformation. This technology is presented on real case study of the cycle bridge over the river Morava near to Bratislava (Slovak republic). A spectral analysis of vibration frequencies is performed by discrete Fourier transformation. The evaluation of correctness of the obtained deformation is performed by comparison of the results with accelerometer and total station measurements and FEM (Finite Element Method) model of the structure.
INTRODUCTION
Bridge structures are usually exposed to the greatest extent by external influences such as weather conditions and loading by some objects. These factors have a significant influence on the behaviour of the structure, which results in deformation of the whole structure or its parts. Changes in a structure's deformations typically have a cyclical behaviour, which reflect the influences of the surroundings. Therefore, the rate of the structure's stress and the magnitude of the impact of individual factors on the structure can be determined. This paper describes the methodology for processing the data of measurements by groundbased radar. It describes determining the relative displacement approach from a ground-based radar and the possibilities of determining the modal characteristics of any structural deformations. These possibilities are presented in a case study using a mathematical model and a case study involving pedestrian and cycling bridge measurements.
THE TECHNOLOGY OF RADAR INTERFEROMETRY
Ground-based radar is an innovative measurement approach for the dynamic deformation monitoring of large structures such as bridges (Bernardini, et. al., 2007) , (Gentile, 2009 ) and (Wenzel, 2009) . Radar measurements use the Stepped Frequency Continuous Wave (SF-CW) technique. This approach enables the detection of target displacements in a radar's line of sight. The basic principle of the technique is the transmission of a set of sweeps, which
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consist of a number of electromagnetic waves at different frequencies. A pulse radar generates short-term duration pulses to obtain a range resolution, which is related to the pulse durations according to where c is the speed of light in a free space, and is the time of the pulse's flight.
At each time interval of the measurements, the components of the received signals represent a frequency response measured at the number of discrete frequencies. The application of an Inverse Fourier Transformation (IFT) frequency response is transformed to a time domain. The system then builds a one-dimensional image -a range profile, where the reflectors are resolved with a range resolution according to their distance from the radar (Figure 1 left) . When the range profile is generated, the displacements of the targets are detected by the Differential Interferometry technique. This approach compares the phase delay of the emitted and reflected microwaves. Radial displacement is therefore linked with the phase delay by the following
where is the wavelength of the signal.
Radial displacements of the targets can be transformed into vertical displacements according to Figure 1 (right).
CASE STUDY
The practical use of the ground-based radar, and spectral methods of data processing described in the previous chapter were realized on an actual bridge structure. Bridge structures for pedestrians are usually designed as flexible structures with higher values of deformation amplitudes than road and railway bridges. Experimental measurements were realized on a pedestrian and cycling bridge over the river Morava from Devínska Nová Ves (Slovakia) to Schlosshof (Austria). The known modal characteristics of the structure's dynamic deformations are useful for verification of the measured deformations. Cycling bridge is constructed on a cycling route between an urban area of BratislavaDevínska Nová Ves -and the Austrian village of Schlosshof (Figure 2 ). The bridge is a steel truss structure consisting of three parts with a full length of 525.0 m. The main steel structure, which is the subject of the dynamic deformation monitoring, is a symmetrical cable-stayed steel structure (by loading rods, which are anchored at the tops of four steel pylons) with three sections of lengths of 30.00 + 120.0 + 30.0 = 180.0 m (Agócs, et. al., 2011) .
DYNAMIC DEFORMATION MEASUREMENTS
Higher wind intensity in the surrounding of the bridge, as well as pedestrian movements, have a significant influence on any structural deformations. These deformations are characterized by the vertical bending and horizontal torsional oscillation of the bridge deck.
A ground-based radar IDS IBIS-S measures dynamic displacements by comparing the phase shifts of reflected radar waves collected at the same time intervals. Displacement is measured in a radial direction (line of sight). The minimal radial range resolution of the radar is 0.5 m. The accuracy of the measured displacements is at a level of 0.01 mm, but it depends on the range and quality of the reflected signal (Bernardini, et. al., 2007) . The measurements and data registration are managed by the IBIS-S operational software installed in a notebook.
The measurements were realized during different types of loading of the structurewalking, running and jumping of one person (80 kg weight) at the structure. The types of loading used were designed based on the FEM (Finite Element Method) model of the structure (Excon, 2010) . The frequency of the data registration by the ground-based radar was realized on the level of 100 Hz due to the requirements to achieve a higher accuracy of the relative displacements and the occurrence of significant frequencies of structural deformations, which were higher than 10 Hz. The verification of the measured deformation was performed by accelerometer HBM B12/200 and total station Leica TS30 (Kopá ik, et. al., 2013) (Fig. 3) . 
DATA PROCESSING AND ANALYSIS
Raw displacement data are measured in a radial direction (direction in the line of sight). For our purposes we needed to obtain vertical deformations. The first step in the data processing of the radar measurements is therefore setting the geometry of the structure and defining the position of the radar and measuring points. We can define measured points manually using corner reflectors or by finding parts on the structure which have acceptable reflection parameters. In our case the second option was chosen. A good reflection of the signal from the structure defines the range bin profile (Figure 4) . The selected peak corresponds to the position of the accelerometer and the prism stabilized on the centre of the structure. The structure is constructed from transversal beams, what are exploited as natural reflectors. Figure 4 visualizes the estimated signal to ratio (SNR) of the signal's reflection, depending on the structure's range. The SNR is presented in linear units. A signal with a higher SNR above the threshold (green line) has a better quality, and there is an assumption of a higher degree of accuracy in determining the displacements. Figure 4 Range bin profiles Table 1 shows the projected vertical displacements (way of projection is described by Fig.  1 right) of the structure at the centre of the bridge. It can be seen, that time series of the displacements measured by accelerometers have a similar behaviour to displacements measured by radar.
The effect of pedestrians walking has a minimum influence on the vertical displacements. The rapid movement of pedestrians affects the maximum vertical displacements two times more than during the loading by a pedestrian's walking. The jumping of pedestrian affects the displacements up to 4.85 mm at the centre of the structure. Determining the natural frequencies of the structural deformations at the centre of the bridge was realized by an auto-spectral analysis using the Fast Fourier transformation (FFT) algorithm. Table 2 shows dominant frequencies of the deformations at the centre of the structure determined by each used type of sensors during different types of loading. (1) 9.11 (2) 9.07
(1) Accelerometer, (2) Ground-based radar, (3) Total station
The FEM model contains 5 vibration modes of deformation, which have a significant influence on the structure's dynamic deformation. Vibration modes are defined for specific for specific type of loading. Table 2 shows the significant influence of pedestrians on the dynamic response of the monitored structure. The dominant frequencies of the deformations have a good rate of compliance with the 22 nd vibration mode of the structure which has a dominant influence on the structure's stability. The estimated frequencies approximately at the levels 1.80 Hz and 2.10 Hz level are affected by the walking and jumping of pedestrian, because the frequency of a pedestrian's steps and jumping has similar values. This assumption of dominant influence of structure stability was confirmed during the experiment by the low stability of the pedestrian moving on the structure. The most dominant frequency estimated in the time series higher than 5 Hz was at the level of 9.10 Hz. These frequencies have minimum amplitudes with low influence on stability of the structure. Differences can be affected by accuracy of FEM model and by fact that dampers on the rods are not included in the FEM model calculation. The accuracy of the estimated frequencies in each time series is under the level of 1 %.
CONCLUSION
The paper presents possibilities for an analysis of structural dynamic deformations measured by ground-based radar, accelerometer and total station. A practical application of the processing and analysis of these data was realized at the cycling bridge at Devínska Nová Ves. The results of the experimental measurements correspond with the FEM model of the main steel structure and can be used for the calibration of this model.
The realized measurements show a good application of ground-based radar technology. It is a perspective non-contact technology, which is able to monitor entire structure's deformation synchronously with high frequency. The accuracy of measured deformation is depended on system configuration and quality of reflected signal. This can be improved by corner reflectors, especially when the structure surface is low reflective.
The results can significantly contribute to the prediction of possible failures of the structure, which can be reflected by anticipated temporal changes in the modal frequencies at the measured points of the structure. These failures can be investigated by other surveying methods such as terrestrial laser scanning.
